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Abstrat
In this artile I review reent observations of the gaseous halos of galax-
ies and the intergalati medium at low redshift. In the rst part I dis-
uss distribution, metal ontent, and physial properties of the Galati
intermediate- and high-veloity louds and the hot halo of the Milky
Way. Reent absorption and emission measurements show that the
Galaxy's tidal interation with the Magellani Clouds, the infall of low-
metalliity gas, as well as the irulation of gas as part of the galati
fountain ontribute to the observed distribution of gas in the halo of the
Milky Way. In the seond part of this artile I give a short overview
on the irumgalati gaseous environment of other nearby spiral galax-
ies. Multi-wavelength observations demonstrate that neutral and ion-
ized gaseous halos of galaxies are ommon, and that they extend deep
into intergalati spae. These studies suggest that the gaseous mate-
rial around spiral galaxies is tightly onneted to the on-going hierar-
hial formation and evolution of these galaxies. In the last part of
this artile I summarize reent quasar absorption-line measurements of
the loal intergalati medium. In aordane with osmologial simula-
tions, absorption-line studies in the far-ultraviolet indiate that both the
photoionized Lyα forest and the shok-heated warm-hot intergalati
medium harbor a substantial fration of the baryons in the loal Uni-
verse.
1 Introdution
Studying the distribution and physial properties of low-density gas that is
situated in the extended halos of galaxies and in the intergalati medium is of
fundamental importane for our understanding of the formation and evolution
of struture in the Universe. Multi-wavelength observations of gaseous halos
and irumgalati gas of galaxies provide a detailed insight into the various
omplex proesses that balane the exhange of gaseous matter and energy
between individual galaxies and the intergalati medium. Supernova explo-
sions in spiral galaxies reate large avities lled with hot gas in the gaseous
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disk. This gas eventually breaks out of the disk and ows into the halo and
into intergalati spae, where it enrihes the irumgalati gas and the in-
tergalati medium with heavy elements. In addition, the interation and the
merging of galaxies transports large amounts of interstellar material into the
halos and immediate intergalati environment of galaxies. Gas that is related
to tidal interations of galaxies therefore indiates the on-going growth and
evolution of galaxies in terms of the hierarhial struture-evolution in the
Universe. Finally, knowledge about the distribution and physial properties
of the intergalati medium is important to understand the global piture of
how large-sale strutures form and how the baryoni matter is distributed
throughout the Universe.
With the availability of spae-based spetrosopi instruments operating
in the Ultraviolet and Far-Ultraviolet (UV and FUV, respetively), suh as
the Orbiting and Retrievable Far and Extreme Ultraviolet Spetrometer (OR-
FEUS), the Spae Telesope Imaging Spetrograph (STIS), and the Far Ul-
traviolet Spetrosopi Explorer (FUSE) it has beome possible to explore
the gaseous halos of the Milky Way and other galaxies and the loal inter-
galati medium in absorption against distant extragalati UV bakground
soures like quasars (QSOs) and Ative Galati Nulei (AGN). The UV
and FUV spetrosopi range is partiularly interesting for studying the low-
density, multi-phase irumgalati medium, beause many atomi and mole-
ular speies and their ions have most of their eletroni transitions in the re-
gion between 900 and 3000 Å (e.g., H2, H i, D i, C ii, C iii, C iv, N i, O i, Ovi,
Si ii, Si iii, and Fe ii). Measurements of absorption lines from these speies to-
gether with supporting emission-line observations in other wavelength ranges
therefore allow us to analyze in detail the gas in the halos of galaxies and in
the intergalati medium in all of its phases (i.e., from moleular to highly-
ionized).
This artile is the written version of my Ludwig Biermann Award Leture
that was held in September 2005 at the annual meeting of the Astronomishe
Gesellshaft in Cologne/Germany. The artile is not meant to represent an
overall review on high-veloity louds and the loal intergalati medium, but
rather reets my personal view on this topi together with an overview of
my own ontributions in this eld. This artile is organized as follows. In
Setion 2 I disuss distribution and properties of the intermediate- and high-
veloity louds in the halo of the Milky Way. In Setion 3, I review the hot
Galati orona and highly-ionized gas in the irumgalati environment of
the Galaxy. Setion 4 deals with irumgalati gaseous strutures in other
galaxies. In Seion 5, properties and baryon ontent of the loal intergalati
medium are disussed. A short onlusion is given in Setion 6.
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2 The Milky Way's High-Veloity Clouds
2.1 Overview
Ever sine their detetion more than forty years ago, the origin and nature
of the intermediate and high-veloity louds (IVCs and HVCs, respetively)
in the halo of the Milky Way has been ontroversial. These gas louds are
onentrations of neutral hydrogen (H i) with radial veloities that are inon-
sistent with a simple model of dierential galati rotation. They are thought
to be loated in the inner and outer halo and nearby intergalati environment
of the Milky Way. The distintion between IVCs and HVCs is loosely based
on the observed radial veloities of the louds; IVCs have radial veloities
with respet to the Loal Standard of Rest (LSR) of 30 km s−1 ≤ |VLSR| ≤ 90
km s
−1
, typially, while HVCs have typial veloities |VLSR| > 90 km s
−1
.
This extraplanar neutral gas with high radial veloities was rst deteted
in optial absorption spetra of stars at high galati latitudes (Münh 1952;
Münh & Zirin 1961). Based on these observations, Spitzer (1956) predited
that the neutral halo louds must be embedded in a Corona of hot gas that
provides the thermal pressure neessary to to keep the louds together (see
Setion 3). The rst detetion of the IVCs and HVCs in H i 21m radio
emission was reported some years later by Muller et al. (1963). Oort (1970)
proposed that these louds represent ondensed gaseous relits from the for-
mation phase of the Milky Way. This idea later was revived by Blitz et
al. (1999), who suggested that HVCs represent the building bloks of galaxies
in a hierarhial galaxy formation senario. Sine the Galaxy is surrounded
by smaller satellite galaxies (e.g., the Magellani Clouds), another explana-
tion is that IVCs and HVCs are gaseous streams related to the merging and
aretion of these satellites by the Milky Way. In this piture, HVCs would be
the gaseous ounterparts of the Milky Way's irumgalati stellar streams,
whih are believed to represent the relis of dwarf galaxies that have been
areted by the Milky Way (e.g., Ibata 1994). While all these models assume
that HVCs are truly extragalati objets that are about to merge with the
Galaxy from outside, there are other senarios that see the IVCs and HVCs
as objets that have their origin in the disk of the Milky Way, e.g., as part
of the so-alled "galati fountain". In the galati fountain model (Shapiro
& Field 1976; Houk & Bregman 1990), hot gas is ejeted out of the Galati
disk by supernova explosions, and part of this gas falls bak in the form of
ondensed neutral louds that move at intermediate and high radial veloities.
Whatever the origin of the Milky Way's IVCs and HVCs is, it has beome
lear that they must play an important role in the evolution of our Galaxy.
Two extremely important parameters to distinguish between the Gala-
ti and extragalati models of IVCs and HVCs are the distane and the
hemial omposition of these louds. Both distane and metal abundane
measurements require the use of high-resolution absorption line spetra. Con-
sequently, absorption line measurements in the FUV and in the optial have
been used extensively during the last few years to obtain new information
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Figure 1: Aito projetion all-sky map of the Galati HVCs, in galati
oordinates, for H i olumn densities > 2 × 1018 m−2, based on the 21m
data from Hulsbosh & Wakker (1988) and Morras et al. (2000). Individual
HVC omplexes are indiated. Figure taken from Wakker (2004) [PLEASE
CONTACT THE AUTHOR FOR A HIGH-QUALITY VERSION OF THIS
FIGURE.℄
about the hemial omposition and spatial distribution of IVCs and HVCs.
These studies have lead to a muh improved understanding of the nature of
these louds (see also Wakker & Rihter 2004). In the following subsetions I
want to highlight some of these measurements.
2.2 Distribution of Neutral Gas in the Halo
The distribution of neutral gas in the halo of the Milky Way in the form of
IVCs and HVCs an be studied best in the H i 21m line of neutral hydro-
gen. Fig. 1 shows the H i HVC sky (Aito projetion) for H i olumn densities
> 2×1018 m−2 based on the the 21m data from Hulsbosh & Wakker (1988)
and Morras et al. (2000). ForN(H i) > 2×1018 m−2 the sky-overing fration
of HVC H i gas is ∼ 30 perent (see, e.g., Murphy et al. 1995; Wakker 2004),
while for N(H i) > 7× 1017 m−2 the overing fration inreases to almost 50
perent. Note that neutral gas strutures with even lower H i olumn densi-
ties do exist. Suh louds lie below the detetion limit of urrent 21m radio
observations, but they an be observed using optial and FUV absorption line
measurements (e.g., Rihter et al. 2005a; see also Setion 4.3). The H i HVC
sky is divided into individual HVC "omplexes" (for a list of names see Wakker
2001), as indiated in Fig. 1. The most prominent of these HVC omplexes are
omplex A (l ∼ 150, b ∼ +35), omplex C (l ∼ 30 − 150, b ∼ +40), omplex
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H (l ∼ 130, b ∼ 0), the Anti-Center Cloud (l ∼ 180, b ∼ −30), and the Magel-
lani Stream (l ∼ 90− 300, b ∼ −30 to −90). Reently, Kalberla et al. (2005)
have ombined and newly redued 21m data from the Leiden-Dwingeloo Sur-
vey (LDS; Hartmann & Burton 1997) and the Villa-Elisa Survey (Morras et
al. 2000) and have reated a H i 21m all-sky survey (the Leiden-Argentina-
Bonn survey; LAB survey) that represents an exellent data base to study the
distribution of the HVC H i gas in the Milky Way halo.
Next to the large HVC omplexes listed above there is a population of
isolated, relatively small HVCs, ommonly referred to as ompat HVCs
(CHVCs; Braun & Burton 1999). These are sharply bounded in angular
extent (angular sizes are < 2◦, typially) and appear to have no kinemati
or spatial onnetion to other HVC features. It was suggested that CHVCs
are andidates for dark-matter halos lled with gas at megaparse distanes
that are distributed throughout the Loal Group of galaxies (Braun & Bur-
ton 2000). However, reent distane estimates for these objets (Westmeier
et al. 2005a) speak against this senario.
Also the intermediate-veloity louds in the halo over a signiant por-
tion of the sky. Fig. 2 shows the H i IVC sky in the veloity range between
−35 and −90 km s−1 and for H i olumn densities > 1019 m−2, based on data
of the H i Leiden-Dwingeloo Survey. Prominent IVC strutures inlude the
Intermediate-Veloity Arh (IV Arh; l ∼ 180, b ∼ +70), the Low-Latitude
Intermediate-Veloity Arh (LLIV Arh; l ∼ 160, b ∼ +30), the Intermediate-
Veloity Spur (IV Spur; l ∼ 250, b ∼ +60), and the Pegasus-Pises Arh (PP
Arh; l ∼ 110, b ∼ −50). From these data it follows that IVC H i gas with
N(H i) > 1019 m−2 lls ∼ 40 perent of the sky.
A more detailed review of the distribution of HVCs and IVCs in the Milky
Way halo is provided by Wakker (2004).
2.3 Distanes to IVCs and HVCs
Measuring the distane to IVCs and HVCs is of great importane to un-
derstand the nature and origin of these louds, as the distane information
together with the sky distribution (see previous setion) provides a three-
dimensional view of these louds around the Galaxy. Unfortunately, very
little information about IVC and HVC distanes is available. The reason
for this is that reliable distane measurements of IVCs and HVCs are very
diult and ahievable only for a small number of these louds.
The most reliable (and only diret) method to measure IVC/HVC dis-
tanes is the absorption-line method, in whih one uses (mostly optial) high-
resolution spetra of stars with known distanes in the diretion of a halo
loud. If a halo star is loated behind an IVC or HVC that has a suiently
large gas-olumn density, one expets to see IVC/HVC absorption (e.g., from
the optial Ca ii lines) in the stellar spetrum. If the IVC/HVC is behind
the star, no suh absorption an our. One thus an braket the distane of
the IVCs and HVCs within a range dened by the distanes of the available
bakground stars. This method has been used for a few IVCs and HVCs.
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Figure 2: Aito projetion all-sky map of the Galati IVCs, in galati
oordinates, for H i olumn densities > 1019 m−2 and veloities between −35
and −90 km s−1, based on the 21m data from the Leiden-Dwingeloo Survey
(LDS; Hartmann & Burton 1997). Individual IVC omplexes are indiated.
Figure taken from Wakker (2004). [PLEASE CONTACT THE AUTHOR
FOR A HIGH-QUALITY VERSION OF THIS FIGURE.℄
IVCs with known distanes are the IV Arh and the LLIV Arh (both have
d = 0.5 − 2.0 kp); for some other IVCs, upper distane limits of a few kp
have been derived (see Wakker 2001 and referenes therein). The few HVCs
for whih useful distane information is available are omlex A (d = 4 − 10
kp; van Woerden et al. 1999; Wakker 2001), omplexes C and H (d > 5 kp;
Wakker 2001), and omplexes WE (d < 13 kp; Sembah et al. 1991) and
WB (d < 16 kp; Thom et al. 2005). These values suggest that most IVCs
represent objets that are relatively nearby with typial distanes of < 2 kp,
while many of the HVCs are more distant halo louds with typial distanes
> 5 kp. However, more of these distane measurements are required to
better understand the distribution of intermediate- and high-veloity gas sur-
rounding the Milky Way. Reently, a very large number of blue-horizontal
branh stars in the halo at high galati latitudes and in a large distane
range (d = 0 − 90 kp) have been identied in various observational surveys
(e.g., Brown et al. 2004; Sirko et al. 2004; Christlieb et al. 2004). These stars
an be used as bakground soures for Ca ii absorption line measurements in
the diretion of IVCs and HVCs, so that important new IVC/HVC distane
information is expeted to beome available during the next few years.
An indiret method to onstrain distanes of IVCs and HVCs is to measure
the intensity of Hα emission from these louds. As reent observations demon-
strate, several IVCs and HVCs shine bright in Hα emission (e.g., Weiner et
al. 2001; Putman et al. 2003), implying that the neutral louds are surrounded
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by ionized gaseous envelopes. If the Milky Way's ionizing radiation eld is
responsible for the existene of these ionized gas layers, the measured Hα
intensity in IVCs and HVCs serves as a measure for the distane to the ion-
ization soure (i.e., the Galati stellar disk). Weiner et al. and Putman et
al. have measured Hα emission in a number of IVCs and HVCs and onlude
that many of these louds are within a radius of ∼ 40 kp from the Galaxy.
This therefore favors a senario in whih most of the large IVCs and HVCs
are loated within the Milky Way halo but are not Loal Group objets at
megaparse distanes. A major problem with the Hα method is, however,
that next to radiation from the Milky Way disk ollisional proesses also may
ontribute to the ionization of the gaseous envelopes of these louds. This
an be seen in the ase of the Magellani Stream, whih most likely repre-
sents gaseous material torn out of the Magellani Clouds during their tidal
interation with the Milky Way. The Magellani Stream is expeted to be
at least 50 kp away and thus is too distant to be substantially ionized by
the Galaxy's radiation eld. Yet, the Stream shows Hα emission at a level
of up to ∼ 400 mR (Putman et al. 2003), suggesting that it has an ionized
envelope that is produed by ollisional proesses as the Stream is ramming
into the hot, extended Corona that surrounds the Milky Way (Sembah et
al. 2003). Due to the unknown ontribution of ollisional proesses to the ion-
ization fration in the envelopes of IVCs and HVCs, distane estimates from
Hα uxes are aeted by large systemati unertainties.
An indiret method to obtain information about the distanes of the mys-
terious CHVCs in the Milky Way halo is to onsider the 21m brightness
temperature of extraplanar and irumgalati H i strutures in M31, the
other large spiral galaxy in the Loal Group that is ∼ 780 kp away (see also
Setion 4.1). Under the assumption that our sister galaxy also omprises a
population of H i CHVCs with similar properties (i.e., radial distribution and
emission harateristis mimi those of the Milky Way CHVCs), the ompar-
ison of measured 21m brightness temperatures of the Galati CHVCs with
limits derived for the M31 CHVC population at 780 kp distane provides
an estimate for the distane of the CHVCs surrounding the Milky Way. Us-
ing H i 21m data from the Eelsberg 100m radio telesope, Westmeier et
al. (2005a) onlude from the measured limits for the M31 CHVC population
that the Milky Way's CHVCs annot have distanes larger than ∼ 60 kp.
These measurements (just like the Hα observations disussed above) there-
fore suggest that the Galati H i HVCs (inluding the CHVCs) are relatively
nearby and thus represent a irumgalati rather than an intergalati/Loal
Group phenomenon.
2.4 Metal Abundanes and Origin of IVCs and HVCs
Apart from the distane, the most valuable information about the origin of
IVCs and HVCs omes from studies of the hemial omposition of these
louds. Ultraviolet absorption-line spetrosopy is the most sensitive and
aurate method to measure metal abundanes and physial properties in
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Figure 3: Veloity proles of the H i 21m emission and Fe ii λ1144.9 FUV
absorption in the diretion of the quasar PG1259+593 (l = 120.6, b = +58.1).
Next to the loal emission/absorption from Galati disk gas near zero velo-
ities, IVC and HVC emission/absorption is seen at −55 km s−1 and −130
km s
−1
, indiating neutral halo gas assoiated with the IV Arh and HVC
omplex C. Figure adapted from Rihter et al. (2001b).
IVCs and HVCs, where typial gas densities are signiantly lower than in
Galati disk louds. The FUSE satellite has suient sensitivity and spetral
resolution to investigate absorption at λ ≤ 1187 Å in the Galati halo and
beyond along a large number of sight lines. At longer wavelengths (λ >
1150 Å), the STIS instrument installed on the Hubble Spae Telesope (HST)
provides additional information about a number of atomi speies and the
Lyα absorption line of neutral hydrogen near 1215.7 Å. Combining data from
these instruments thus provides a partiularly powerful tool to investigate
metal abundanes in intermediate- and high-veloity louds.
During the last deade, a large number of measurements with FUSE, STIS,
and other instruments have provided important new results on the hemial
omposition of the Galati IVCs and HVCs (e.g., Rihter et al. 1999; Wakker
et al. 1999; Rihter et al. 2001a; Rihter et al. 2001b; Collins et al. 2003; Tripp
et al. 2003; Sembah et al. 2004a). These studies reveal disparate hemial
ompositions for several IVCs and HVCs in dierent diretions in the sky,
indiating that many of these louds annot have a ommon origin. Overall
metal abundanes in IVCs and HVCs typially vary between ∼ 0.1 and ∼ 1.0
solar. In general, the hemial make-up of most of the IVCs and some of the
HVCs an be explained suessfully by the galati fountain model (Shapiro
& Field 1976; Houk & Bregman 1990), in whih gas is ejeted out of the
Galati disk by supernova explosions and is falling bak onto the disk in
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the form of neutral gas louds. Gas that is partiipating in this irulatory
pattern should have a nearly solar metalliity reeting that of their plae
of origin (i.e., the Milky Way disk). Prominent examples for suh solar-
metalliity galati fountain louds are the Intermediate-Veloity Arh (IV
Arh; Rihter et al. 2001b), the Low- Latitude Intermediate Veloity Arh
(LLIV Arh; Rihter et al. 2001a), and HVC omplex M (Wakker 2001). There
are, however, a number of HVCs whose abundanes are inonsistent with the
Galati fountain model. One suh ase is the Magellani Stream, whih has
abundanes lose to those of the Small Magellani Cloud (SMC; ∼ 0.3 solar).
The Stream is believed to be tidally stripped out of the SMC system during
the last enounter with the Galaxy (e.g., Wannier & Wrixon 1972; Lu et
al. 1998; Sembah et al. 2001). High-veloity loud omplex C has an even
lower abundane (∼ 0.1 − 0.3 solar; Wakker et al. 1999; Rihter et al. 2001b;
Tripp et al. 2003) that is inonsistent with gas originating in the disk of the
Galaxy or in the Magellani Clouds. Thus, omplex C might represent metal-
poor material areted from the intergalati medium. Possibly, mass shed by
metal-poor halo red giants ontributes to the infall of low-metalliity gas, too
(de Boer 2004). Aretion of substantial quantities of metal-poor gas in the
form of HVCs would have a signiant inuene on the hemial evolution of
the Milky Way.
As an example for reent metal abundane measurements in Galati IVCs
and HVCs we disuss the abundane pattern in IVC/HVC gas in the diretion
of the quasar PG1259+593 (l = 120.6, b = +58.1). This sightline is parti-
ularly well suited to explore the metal ontent of IVC/HVC gas with FUV
absorption spetrosopy, as it passes two dierent Galati halo louds (one
IVC and one HVC) that have dierent radial veloities. The FUV spetrum
of PG1259+593 therefore allows us to diretly ompare the hemial abun-
danes in two louds using the same spetral data. In addition, PG1259+593
lies in a diretion in the sky where the loal Galati foreground gas in the
disk has a very low neutral gas olumn density. This is an advantage, sine the
many absorption lines from moleular hydrogen (H2) in the disk gas are weak
in this diretion and thus H2 line blending with IVC and HVC omponents is
muh less severe than along other QSO sightlines. Rihter et al. (2001b) have
analyzed interstellar ultraviolet absorption lines in HVC omplex C and the
IV Arh in the diretion of the quasar PG1259+593 using FUSE and STIS
data. Fig. 3 shows the veloity struture of interstellar gas in the diretion
of PG1259+593. In the upper panel, the veloity prole of the H i 21m
emission (based on observations with the Eelsberg 100m radio telesope) is
plotted against the LSR veloity. Next to the loal H i 21m emission from
Galati disk gas near zero veloities, IVC and HVC H i emission is seen at
−55 km s−1 and −130 km s−1, indiating halo gas related to the IV Arh and
HVC omplex C. In the lower panel of Fig. 3 we show the absorption pattern
in the Fe ii λ1144.938 line, based on the FUSE observations of PG1259+593.
Fe ii absorption by the IV Arh and omplex C are learly visible and (de-
spite the lower resolution) the veloity pattern perfetly mathes that of the
H i 21m emission. Other atomi speies deteted (in absorption) in the IV
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Figure 4: Normalized interstellar gas-phase abundanes in omplex C and the
IV Arh. Abundanes in omplex C are systematially lower than in the IV
Arh, suggesting a dierent enrihment history of both louds. Figure taken
from Rihter et al. (2001a).
Arh and omplex C inlude D i, C ii, N i, N ii, O i, Al ii, Si ii, P ii, S ii, Ar i,
and Fe iii (Rihter et al. 2001b; Sembah et al. 2004a).
The O i/H i ratio provides the best measure of the overall metalliity in the
diuse interstellar medium, beause ionization eets do not alter the ratio,
and oxygen is at most only lightly depleted from the gas into dust grains. For
omplex C, Rihter et al. nd an oxygen abundane of 0.09
+0.13
−0.05 solar, onsis-
tent with the idea that omplex C represents the infall of low-metalliity gas
onto the Milky Way. In ontrast, the oxygen abundane in the IV Arh is 0.98
+1.21
−0.46 solar, whih points to a Galati origin. Similar abundane dierenes
between the IV Arh and omplex C are also found in other elements, but
here, dust depletion and ionization eets have to be taken into aount for
the interpretation of the observed abundane ratios. The abundane pattern
for various elements suh as oxygen, sulfur, phosphorus, silion, iron, alu-
minum, argon, and nitrogen in the IV Arh and omplex C is shown in Fig. 4.
The abundane measurements toward PG1259+593 demonstrate that vari-
ous dierent proesses are responsible for the phenomenon of intermediate-
high-veloity neutral gas louds in the halo of the Milky Way - they annot
have a single origin.
An extensive summary of absorption line measurements in Galati halo
louds is provided by Wakker (2001).
2.5 Small-Sale Struture in IVCs and HVCs
The gaseous halo of the Milky Way is an extreme multi-phase medium with
temperatures ranging from 50 to several million Kelvin. Although the large
IVC and HVC omplexes like the IV Arh, omplex C and the Magellani
Stream may span a depth of several kp in the halo, small-sale struture in
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Figure 5: Exerpt of the FUSE spetrum of PG1351+640 in the wavelength
range between 1076.5 and 1079.5 Å, sampling the H2 2− 0 Lyman band. The
individual H2 lines present in the data are labeled above the spetrum. H2
absorption from the rotational levels J = 0, 1 and 2 is seen in two omponents
at 0 and −50 km s−1, representing H2 gas from the loal Milky Way and the
IV Arh (ore IV 19), respetively. The solid gray line shows a two-omponent
Gaussian t of the spetrum that niely reprodues the absorption pattern
seen in the FUSE data. Figure taken from Rihter et al. (2003a).
Studying this small-sale omponent in Galati halo louds not only provides
an insight into the internal struture of IVCs and HVCs, but also yields im-
portant information about physial proesses in the interstellar medium in
general.
Moleular hydrogen is an exellent diagnosti tool to investigate small-
sale struture and physial onditions in IVCs and HVCs. A large number
of H2 absorption lines from the Lyman and Werner band is present in the
FUV range between 900 and 1200 Å. The H2 abundane in the diuse ISM
is determined by a balane of the formation of moleules on the surfae of
dust grains and the H2 destrution by the dissoiating UV radiation (see
Rihter et al. 2003a). For known photoabsorption and grain formation rates
one an estimate the hydrogen volume density from the measured H i and
H2 olumn densities. The size of an H2 absorbing struture, D, then an
easily be alulated from N(H i) and nH. Also the rotational exitation of the
H2 moleules an be used to investigate physial onditions in the gas. The
lowest rotational energy states of H2 (rotational levels J = 0 and 1) are usually
exited by ollisions, so that the olumn density ratio N(1)/N(0) serves as a
measure for the kineti temperature of the gas. In addition, the population
of the higher rotational states (determined by UV photon pumping) indiates
the strength of the loal UV radiation eld.
A number of positive detetions of H2 absorption with FUSE and OR-
FEUS has been reported for both IVCs and HVCs (e.g., Rihter et al. 1999;
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Gringel et al. 2000; Bluhm et al. 2001; Rihter et al. 2001; Sembah et al. 2001;
Rihter et al. 2003a). Positive detetions inlude the IV Arh, LLIV Arh, IV
Spur, omplex gp, the Drao loud, LMC-IVC, LMC-HVC, and the Magel-
lani Stream (see also Rihter & de Boer 2004). In all ases, the observed
olumn densities are low (log N(H2) ≤ 17), implying that the H2 resides in a
predominantly neutral gas phase. As expeted, H2 absorption mostly ours
in halo louds that have a high metal and dust abundane, thus preferably
in IVCs rather than in HVCs (e.g., Rihter et al. 1999). As an example for
H2 absorption in a Galati IVC we show in Fig. 5 the FUSE spetrum of
the quasar PG1351+640 in the range between 1076.5 and 1079.5 Å, where
a number of H2 lines from various rotational states are present. Halo H2
absorption at negative intermediate veloities from gas in the IV Arh (ore
IV 19) is learly visible in the various H2 lines shown.
With FUSE, Rihter et al. (2003a) have systematially studied the proper-
ties of the H2 gas in IVCs towards a large number (56) of mostly extragalati
bakground soures. The sample inludes 61 IVC omponents with H i ol-
umn densities ≥ 1019 m−2 and radial veloities 25 ≤ |vLSR| ≤ 100 km s
−1
.
In FUSE spetra with good signal-to-noise ratios (S/N> 8 per resolution ele-
ment) they nd 14 lear detetions of H2 in IVC gas with H2 olumn densities
between 1014 and 1017 m−2. In lower S/N data, H2 absorption in IVC gas
is tentatively deteted in an additional 17 ases. The moleular hydrogen
fration in these louds, f = 2N(H2)/[N(H i)+2N(H2)], varies between 10
−6
and 10−3. This suggests that the H2 lives in a relatively dense, mostly neu-
tral gas phase that probably is linked to the old neutral medium (CNM) in
these louds. Under the assumption of a H2 formation-dissoiation equilib-
rium one an determine the hydrogen volume density and the thikness of
the absorbing struture. The H2 photoabsorption rate in the halo depends on
the mean ultraviolet radiation eld at a height z above the Galati plane.
The models of Wolre et al. (1995) predit that that the radiation eld and
the H2 photoabsorption rate at ∼ 1 kp above the disk is approximately 50
perent of that within the disk. If one assumes that the H2 grain formation
rate in IVCs is roughly similar to that within the disk, the H2 and H i olumn
densities measured for the Rihter et al. IVC sample imply mean hydrogen
volume densities of nH ≈ 30 m
−3
and linear diameters of the H2 absorbing
strutures of D ≈ 0.1 p. Moreover, if one onsiders the rotational exita-
tion of the halo H2 gas that an be measured for some of the IVC sightlines,
one nds for the kineti temperature of this gas a onservative upper limit of
Tkin ≤ 300 K. Given the relatively high detetion rate of H2 in these louds,
the measurements indiate that the CNM phase in IVCs is ubiquitous and
therefore represents a gas phase that is harateristi for the denser, neutral
regions in the halo. Most likely, the CNM laments are embedded in a more
tenuous gas phase that orresponds to the warm neutral medium (WNM).
The detetion of H2 absorption in a low-olumn density IVC towards the
LMC star Sk −68 80 (Rihter et al. 2003b) demonstrates that even smaller
laments at AU sales exist in the halo. The observed gas lumps must have
very high hydrogen volume densities (almost 103 m−3) and relatively low gas
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temperatures (T < 50K). They probably are related to the so-alled tiny-sale
atomi strutures (TSAS), small-sale strutures that also have been found
in the disk of the Milky Way (Heiles et al. 1997; Heithausen 2004). Many as-
pets that onern the physial nature of these tiny laments (e.g., formation
proesses, thermal pressures, dust ontent, et.) are not well understood, and
more data are required to explore these intriguing objets in more detail.
3 The Galati Corona
3.1 Overview
That the disk of our Milky Way is surrounded by an envelope of hot gas was
rst proposed by Spitzer (1956). Spitzer onsidered the presene of suh a
"Galati Corona" (aording to the solar orona) as neessary to explain
spetrosopi observations that have been made some years earlier by Münh
(1952) and Münh & Zirin (1961). They had found interstellar Ca ii absorp-
tion from neutral gas louds spread over a large veloity range (∼ 50 km s−1)
towards O and B stars at high galati latitudes and large distanes (> 500
p) from the Galati plane. This was the rst detetion of the intermediate-
and high-veloity louds in absorption. Due to the low neutral gas density
so far above the Galati plane, Spitzer argued that these louds should not
exist for long, but disperse at time sales of ∼ 107 years, unless they would
be embedded in a thin but hot, highly ionized gaseous medium that would
provide the neessary thermal pressure to onne these louds. While the
presene of the neutral high-veloity louds was onrmed shortly after by H i
21m radio observations (Muller et al. 1963; see Setion 2.2), it took about
20 years to nd ompelling observational evidene for the hot oronal gas in
whih the IVCs and HVCs are embedded.
In the mid-seventies, observations with the Copernius satellite (e.g., Jenk-
ins et al. 1974) disovered the widespread presene of ve-times ionized oxygen
(Ovi) within the disk of the Milky Way. In addition, diuse X-ray emis-
sion was found toward high latitudes in roket experiments (Williamson et
al. 1974). To aount for this newly deteted ubiquitous hot interstellar gas
phase, and also for the high-veloity louds that are falling towards the Gala-
ti disk, Shapiro & Field (1976) developed the model of the galati fountain,
in whih the hot gas is produed by supernova explosions in the disk of the
Milky Way. This gas forms avities, whih expand (due to overpressure)
and eventually break out of the disk. Hot gas then would stream into the
Milky Way halo several kiloparses above the disk, forming a hot, gaseous
orona of the Milky Way, as proposed by Spitzer twenty years earlier. Part of
this gas would be able to ool, forming some of the intermediate- and high-
veloity louds. In the same way as for the neutral halo louds, absorption
line spetrosopy in the UV and FUV is well suited to study hot gas in the
irumgalati environment of the Milky Way, as the UV and FUV range
ontains a number of lines from highly-ionized speies, suh as C iv, Nv, and
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Ovi. These lines sample gas in the temperature range between 1 × 105 and
5× 105 K and thus provide important information about the distribution and
physial properties of hot gas in the halo of the Milky Way (see also de Boer
2004).
3.2 Distribution of O vi in the Halo
The rst absorption-line studies of the Galati Corona were based on ob-
servations of Si iv, C iv, and Nv with the International Ultraviolet Explorer
(IUE) and the HST (Savage & deBoer 1979, 1981; Sembah & Savage 1992;
Savage et al. 1997). The best possible way to study the hot halo omponent of
the Milky Way is absorption spetrosopy of Ovi, whih has as an ionization
potential as large as ∼ 114 eV. Ovi traes either ollisionally ionized, hot
gas at temperatures near 3 × 105 K, or low density gas that is exposed to a
very intense UV radiation eld, or a mixture of both. Ovi does not trae the
very hot gas phase (with temperatures exeeding 106 K) that likely exists in
the oronal gas and that is responsible for the soft X-ray emission. Gas at
temperatures around 3× 105 K ools rapidly and Ovi absorption therefore is
expeted to trae the interfae regions between the hot (106 K) and the warm
(104 K) gas phase, e.g., in ooling ows, ooling bubbles, and mixing layers.
A rather simple model to desribe the density distribution of the hot gas
as a funtion of the vertial distane from the Galati plane (z height) is to
assume an exponential stratiation. With n0 as the mid-plane gas volume
density and h as the sale-height the gas-density at a given z an be expressed
as n(z) = n0 exp(−|z|/h). High-ion absorption line measurements in sightlines
through the halo provide a diret estimate of the stratiation of the hot gas
away from the Galati plane. For a given sightline in the diretion (l, b), the
olumn density for the ion X, N(X), is measured up to a height |z| above the
disk, at whih the bakground soure is loated (these bakground soures may
be halo stars or extragalati objets). Comparing N(X) sin |b| with |z| for a
large number of sightlines, one an t an exponential distribution (as shown
above) to the data points and derive the sale height h(X). Suh a N(X) sin |b|
vs. |z| analysis has been done by Savage et al. (1997) for the speies Si iv,
C iv, and Nv. Using spetra from the Goddard High Resolution Spetrograph
(GHRS) on HST they derive exponential sale heights of h(Si iv)= 5.1 ± 0.7
kp, h(C iv)= 4.4 ± 0.6 kp, and h(Nv)= 3.9 ± 1.4 kp. In ontrast, for
the sample of objets the sale height derived for neutral hydrogen is just
h(H i)= 0.30 ± 0.03 kp, showing that the neutral gas phase is (with the
exeption of the IVCs and HVCs) onentrated in a thin layer in the Galati
disk. Another possibility to estimate the sale height of the hot gas in the
halo is to analyze individual absorption proles of high ions assuming that the
gas is o-rotating with the underlying disk. Savage et al. (1997) show that for
C iv suh an analysis results in a sale height of ∼ 4.5 kp, thus very similar
to the one derived with the N(X) sin |b| vs. |z| method.
Using ORFEUS data, Widmann et al. (1998) have presented the rst sys-
temati study of Ovi absorption in the halo. With the availability of a large
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number of FUSE absorption spetra from extragalati bakground soures
in 1999 our knowledge about the ∼ 3× 105 K gas omponent in the halo (as
traed by Ovi absorption) has improved substantially. Wakker et al. (2003),
Savage et al. (2003), and Sembah et al. (2003) present a large survey of Ovi
absorption along 102 lines of sight through the Milky Way halo. They nd
strong Ovi absorption in a radial-veloity range from approximately −100 to
+100 km s−1 with logarithmi Ovi olumn densities (in units m−2) ranging
from 13.85 to 14.78 (Savage et al. 2003). At these radial veloities, the Ovi
absorbing gas should be loated in the thik disk and/or halo of the Milky
Way. The distribution of the Ovi absorbing gas in the thik disk and halo is
not uniform, but appears to be quite irregular and pathy. A simple model
assuming a symmetrial plane-parallel pathy layer of Ovi absorbing material
provides a rough estimate for the exponential Ovi sale height in the halo.
Savage et al. (2003) nd h(Ovi) ∼ 2.3 kp with an ∼ 0.25 dex exess of Ovi
in the northern Galati polar region. The orrelation of Ovi with other ISM
traers, suh as soft X-ray emission, Hα, and H i 21m, is rather poor (Savage
et al. 2003). Mixing of warm and hot gas and radiative ooling of outow-
ing hot gas from supernova explosions in the disk ould explain the irregular
distribution of Ovi absorbing gas in the halo of the Milky Way.
3.3 Highly-Ionized High-Veloity Clouds
Ovi absorption towards extragalati bakground soures is observed not only
at radial veloities ≤ 100 km s−1, but also at higher veloities (Wakker et
al. 2003; Sembah et al. 2003). These detetions imply that next to the Milky
Ways hot "atmosphere" (i.e., the Galati Corona) individual pokets of
hot gas exist that move with high veloities through in the irumgalati
environment of the Milky Way. Suh high-veloity Ovi absorbers may ontain
a substantial fration of the baryoni matter in the Loal Group in the form
of ionized hydrogen (e.g., Cen & Ostriker 1999).
From their FUSE survey of high-veloity Ovi absorption Sembah et
al. (2003) nd that probably more than 60 perent of the sky at high ve-
loities is overed by ionized hydrogen (assoiated with the Ovi absorbing
gas) above a olumn density level of log N(H+) = 18, assuming a metalliity
of the gas of 0.2 solar. Some of the high-veloity Ovi deteted with FUSE
appears to be assoiated with known high-veloity H i 21m strutures (e.g.,
the high-veloity louds omplex A, omplex C, the Magellani Stream, and
the Outer Arm). Other high-veloity Ovi features, however, have no ounter-
parts in H i 21m emission. The high radial veloities for most of these Ovi
absorbers are inompatible with those expeted for the hot oronal gas (even
if the oronal gas motion is deoupled from the underlying rotating disk). A
transformation from the Loal Standard of Rest to the Galati Standard of
Rest and the Loal Group Standard of Rest veloity referene frames redues
the dispersion around the mean of the high-veloity Ovi entroids (Sembah
et al. 2003; Niastro et al. 2003). This an be interpreted as evidene that
some of the Ovi high-veloity absorbers are intergalati louds in the Loal
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Group rather than louds diretly assoiated with the Milky Way. However, it
is extremely diult to disriminate between a Loal Group explanation and
a distant Galati explanation for these absorbers. The presene of intergala-
ti Ovi absorbing gas in the Loal Group is in line with theoretial models
that predit that there should be a large reservoir of hot gas left over from
the formation of the Loal Group (see, e.g., Cen & Ostriker 1999). However,
further FUV absorption line measurements and additional X-ray observations
will be required to test this interesting idea.
It is unlikely that the high-veloity Ovi is produed by photoionization.
Probably, the gas is ollisionaly ionized at temperatures of several 105 K. The
Ovi then may be produed in the turbulent interfae regions between very hot
(T > 106 K) gas in an extended Galati Corona and the ooler gas louds that
are moving through this hot medium (see Sembah et al. 2003). Evidene for
the existene of suh interfaes also omes from the omparison of absorption
lines from neutral speies like O i with absorption from highly-ionized speies
like Ovi (Fox et al. 2004).
4 Cirumgalati Gas in other Galaxies
4.1 Extraplanar H i Gas in Galaxies
The measurements of the Galati IVCs and HVCs suggest that irumgala-
ti neutral gas louds play a fundamental role in the evolution of the Milky
Way. One thus would expet that also other galaxies onsist of suh ir-
umgalati gaseous omponents, and that HVCs represent a ommon phe-
nomenon for spiral galaxies in the loal Universe. Finding HVCs in the halos
of other galaxies is hallenging, however, due to the ambitious observational
requirements, suh as good mass sensitivity, a large eld-of-view, and high
spatial resolution. In reent years, great progress has been made to iden-
tify and measure extraplanar neutral gas strutures in other nearby galaxies.
Positive detetions of disrete extraplanar H i louds have been reported for
the galaxies M31, M51, M81, M101, NGC891, and many others (see Ooster-
loo 2004 for a review and referenes therein). Extensive H i halos are found
in several other ases. These strutures extend more than 10kp away from
the H i disk of the galaxies and appear to rotate slower than the underlying
gaseous disk. Outows as well as tidal interations with surrounding satellite
galaxies both are believed to ontribute to the neutral gas ow in the halos
of these galaxies.
A good example for HVCs in external galaxies is Andromeda (M31), next
to the Milky Way the other large spiral galaxy in the Loal Group. Using
the Green Bank Telesope, Thilker et al. (2004) have found around twenty
H i louds in 21m emission in the halo of M31. They are loated within
∼ 200 km s−1 of the systemi veloity of M31, thus in range similar to what
is found for the Milky Way HVCs. Follow-up observations by Westmeier et
al. (2005b) with the Westerbork Synthesis Radio Telesope have onrmed
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Figure 6: Distribution of H i gas louds in the halo of M31 (gure adapted
from Westmeier et al. 2005a, 2005b). Several gas omplexes are evident at
projeted distanes of several kp above the disk of M31, demonstrating that
the seond large spiral galaxy in the Loal Group also possesses a population
of high-veloity louds. HVCs and galaxies in the eld are labeled aordingly.
the presene of the H i HVCs around M31. The derived H i olumn densities
(∼ 1019− 1020 m−2) and H i masses (∼ 104− 106M⊙) are in line with values
estimated for the Galati HVC population. Also the M31 HVCs most likely
are onned by a hot gaseous orona. Like the Milky Way, the Andromeda
galaxy is surrounded by a number of satellite galaxies. Morphologial and
kinematial properties of the M31 HVCs therefore suggest that some of these
louds have a tidal origin, while other gaseous strutures around M31 may
represent fountain gas or material that is infalling from intergalati spae
(see Westmeier et al. 2005b). Fig. 6 shows the population of HVCs around
M31, based on the data by Westmeier et al. (2005a, 2005b).
4.2 Diuse Hot Gas around Galaxies
Hα observations of edge-on spiral galaxies show the presene of vertially
extended layers of diuse ionized gas (DIG) above the disk. These measure-
ments suggest that galati-fountain proesses (see Setion 3) trigger the ow
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of gas from the disk into the halo and bak, and that these fountain proesses
are ommon in spiral galaxies. Studies of DIG layers in the halos of galaxies
at low redshift further indiate that their vertial extent and their brightness
in the Hα emission depend on the level of the underlying star formation in
the disk (e.g., Rand 1996; Rossa & Dettmar 2003), implying that the bulk
of the ionized gas is produed by supernova explosions. Therefore, ionized
gas layers in the halos of disk galaxies trae the disk-halo ow of the metal-
enrihed interstellar medium, while extraplanar H i strutures seen in these
systems predominantly represent the return ow of this gas (after substantial
ooling) and the infall of material from outside. Spiral galaxies are also found
to possess highly strutured louds of absorbing dust extending to several kp
distanes from their mid-planes (Howk & Savage 1997, 1999). The most im-
pressive example is the multiphase halo of NGC891, whih exhibits numerous
high-z dust strutures. Many of these strutures ontain ∼ 105M⊙ of gas and
may be the sites of star formation (Howk & Savage 2000).
In addition to these Hα and dust absorption observations, reent X-ray
measurements of nearby edge-on galaxies with Chandra and XMM-Newton
have shown that these systems onsist of giganti gaseous envelopes of hot,
highly-ionized gas (e.g., Wang et al. 2001, 2005; Strikland et al. 2004). These
oronae most likely resemble the extended hot halo of our own galaxy. Near
the disks (i.e., at small vertial distanes from the galati plane), X-ray emis-
sion and Hα emission are strongly orrelated. This supports the idea that both
methods trae dierent temperature and density regimes of the same extra-
planar ionized gas omponent. Also the X-ray luminosity of the oronal gas
in disk galaxies is proportional to the star-formation rate in these systems
(and to the total stellar mass). However, the observed X-ray luminosities
an aount only for a small fration of the expeted supernova mehanial
energy input, resulting in a "missing energy" problem. In late-type galax-
ies that are rih in ool gas muh of this missing energy is possibly radiated
in the UV band. This is supported by reent FUV emission-line observa-
tions (Otte et al. 2003), whih indiate that emission in the two Ovi lines at
λλ1031.9, 1037.6 may play an important role for the overall energy balane
in the hot gas. In ollisional ionization equilibrium, Ovi traes hot gas at
temperature near 300, 000 K, thus at the peak of the ooling urve of (metal-
enrihed) interstellar gas. At these temperatures, Ovi is expeted to be the
dominant oolant in the gas, and thus Ovi-inferred ooling most likely an
aount for a onsiderable fration of the initial supernova energy input. How-
ever, as observations in our own halo indiate (e.g., Fox et al. 2004; Setion
3.3), Ovi emission may preferentially arise in the interfae regions between
the million-degree oronal gas and the neutral IVC and HVC gas. Additional
observations will be required to learn more about the distribution and physis
of the Ovi emission in the halos of galaxies. Establishing a reliable estimate of
the radiative ooling rate and unveiling the physial onnetion between FUV
and X-ray emission will be of great importane to understand the physial
onditions in the hot extraplanar gas of galaxies.
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Figure 7: Left panel: sky positions of the quasar PG1259+593 and the galaxy
UGC08146 (z = 0.00224) on an image from the Digitized Sky Survey. H i on-
tours for UGC08146 from data of the Westerbork Synthesis Radio Telesope
(Rhee & van Albada 1996) are overlaid. Right panel: H i and Ovi ab-
sorption proles of the z = 0.00229 absorption system toward PG1259+593.
The absorption probably arises from gas in the halo or immediate intergala-
ti environment of UGC08146. Figure adopted from Rihter et al. (2004).
[PLEASE CONTACT THE AUTHOR FOR A HIGH-QUALITY VERSION
OF THIS FIGURE.℄
4.3 Cirumgalati Absorption-Line Systems
The analysis of strong (log N(H i) ≥ 15) quasar absorption-line systems that
have assoiated metal lines (metal-line systems) is another important diag-
nosti tool to investigate the halos of galaxies and their intergalati neigh-
borhood at low and high redshifts. The presene of intervening absorption-
line systems in QSO spetra an be understood in terms of intergalati gas
laments that trae baryon density utuations related to gravitational in-
stability during the large-sale struture formation in the Universe (see next
Setion). In this ontext, absorption-line systems that have neutral gas ol-
umn densities in the range logN(H i) = 15−19 represent prime andidates for
gaseous strutures that reside in the irumgalati environment of galaxies:
the neutral gas olumn densities of metal-line systems are learly higher than
in the photoionized, low-density intergalati medium, but they are lower than
harateristi olumn densities in the gaseous disks of present-day galaxies.
To nd out whether or not an individual metal-line absorber in a QSO
spetrum is related to the halo of a galaxy, one rst has to identify andidate
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galaxies in the eld of the bakground quasar. In a seond step, one has
to ompare the absorber redshift with the redshift of the andidate galaxy
to identify true (i.e., physially onneted) galaxy/absorber pairs. Using this
tehnique, many galaxy/absorber pairs have been found, implying that galaxy
halos extend far into intergalati spae, leaving their imprint in the spetra
of nearby (in terms of angular separation) quasars. A partiularly good traer
of metal-enrihed gas that is assoiated with galaxy halos at low redshift is
the strong resonant Mg ii λλ2796.4, 2803.5 doublet in absorption (e.g., Berg-
eron & Stasinska 1986; Churhill et al. 1999; Churhill et al. 2005). As an
α-proess element, magnesium is ejeted into the interstellar and intergala-
ti gas by supernova explosions and thus should be abundant in the halos
of star-forming galaxies at low redshift. In addition, Mg ii arises in gas that
spans roughly ve orders of magnitudes in total gas olumn densities (log
N(H i) ≈ 15.5−20.5) and thus is a sensitive traer for irumgalati gas that
may have very dierent ionization frations and physial onditions. Several
studies of Mg ii absorbers in the elds of (absorption-seleted) low-redshift
galaxies have unveiled the onnetion between the galaxy luminosities, olors,
and the extent of the Mg ii absorbing envelopes around galaxies (e.g., Berg-
eron & Boissé 1991; Steidel et al. 1994). In general, the luminosities of Mg ii
seleted galaxies show only little evolution with redshift, while the sizes of the
Mg ii halos sale only weakly with the luminosities of the galaxies (see, e.g.,
Churhill et al. 2005). These measurements have shown that the gas ross
setion for strong Mg ii absorbers with equivalent widths (EWs) > 0.3 Å is
∼ 40 kp, whereas for weaker systems with EWs ≤ 0.3 Å the ross setion is
∼ 70 kp. These values haraterize the sizes of Mg ii halos of galaxies (that
may have quite dierent morphologies). Note that the derease of the Mg ii
equivalent width with inreasing distane to the galaxy does not neessarily
indiate a diminishing total gas olumn density. It rather implies that the
ionization fration of the gas is higher at larger distanes, as shown by ob-
servations of other, highly-ionized speies. It is therefore important to also
onsider other ions (e.g., C iv and/or Ovi together with H i) for absorption-
line studies of galaxy halos and the irumgalati gaseous environment of
galaxies.
As an example, we show in Fig. 7 H i and Ovi absorption at z = 0.00229
in the spetrum of the quasar PG1259+593 (zem = 0.478), based on FUSE
observations (Rihter et al. 2004). This sightline lies lose to the dwarf spiral
galaxy UGC08146, whih has a redshift of z = 0.00224. In Fig. 7, left panel,
we show the sky positions of PG1259+593 and UGC08146 on an image taken
from the Digitized Sky Survey (DSS). We have overlaid H i 21m ontours from
data of the Westerbork Synthesis Radio Telesope (WSRT; from Rhee & von




, the redshift of z = 0.00224
(672 km s−1) orresponds to a distane of ∼ 9.0 h−175 Mp. Five armin in
Fig. 7 therefore are equivalent to ∼ 13 kp at the distane of UGC08146.
The angular separation between UGC08146 and the line of sight towards
PG1259+593 is ∼ 21 armin, so that the projeted distane is ∼ 55 h−175
kp. The H i and Ovi absorption at z = 0.00229 in the spetrum of the
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quasar PG1259+593 therefore most likely arises in the halo or immediate
intergalati gaseous environment of UGC08146.
The absorption-line harateristis of absorption-line systems around galax-
ies in the low-redshift Universe an be ompared with absorption line systems
arising the halo of our own galaxy. While most of the absorption measure-
ments in the halo of the Milky Way onentrate on the diagnostis of H i-
seleted halo louds (i.e., IVCs and HVCs), Rihter et al. (2005) have in-
vestigated Ca ii absorption in optial spetra of quasars that are distributed
randomly in the sky. Although the optial Ca ii lines are less sensitive than
the strong Mg ii transition in the UV, they an be used to trae neutral high-
veloity gas strutures in the Milky Way halo at total gas olumn densities
below the detetion limit of the large H i HVC surveys (e.g., the LAB survey,
Kalberla et al. 2005). The big advantage of using Ca ii absorption is that
large ground-based telesopes suh as the Very Large Telesope (VLT) an
be used for suh studies. Therefore, a large number of high S/N, high reso-
lution spetra through the halo are available to study Ca ii absorption in the
Galati halo at high auray. In ontrast, Mg ii and C iv studies of gas in
the Galati halo are limited in number and auray due to the restrited
sensitivity and availability of spae-based UV spetrographs. From a pre-
liminary analysis of VLT/UVES spetra, Rihter et al. (2005) nd that weak
Ca ii absorption at high-veloities is seen in more than ∼ 50 perent of the
QSO spetra, also in diretions where no orresponding H i 21m emission is
seen in the large HVC 21m surveys (e.g., Kalberla et al. 2005). This implies
that - next to the well-known high-olumn density HVCs - the halo is lled
with low-olumn density neutral gas louds that possibly represent the loal
ounterparts of weak irumgalati Mg ii systems at low redshift that have
equivalent widths of ≤ 0.3 Å.
5 The Loal Intergalati Medium
5.1 Overview
Shortly after the rst detetion of quasars in the early 1960s, the ourrene
of many narrow absorption lines in a QSO spetrum was reognized for the
rst time (see, e.g., Bahall 1966). It soon beame lear that these absorption
lines are related to intervening gaseous strutures that ll the intergalati
spae. These strutures represent the intergalati medium (IGM).
By far most of the intervening absorption lines in QSO spetra are pro-
dued by H i absorption in the Lyα line (λ0 = 1215.67 Å), whih is redshifted
to higher wavelengths by the fator (1+z), where z denotes the redshift of an
individual intergalati absorber. With the availability of high-resolution N -
body hydrodynamial models (e.g., Davé et al. 2001) the Lyα absorbers have
been interpreted as gaseous strutures that arise from baryon density utua-
tions assoiated with gravitational instability during the large-sale struture
formation in the Universe. While the few strong absorption-line systems with
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H i olumn densities > 1015 m−2 (and assoiated metal absorption) are be-
lieved to trae ondensed strutures suh as extended ionized galaxy halos,
protogalaxies, and gaseous disks of galaxies, the vast majority of the interven-
ing absorption lines in QSO spetra are weak (N(H i) < 1015 m−2). In fat,
the H i olumn-density distribution funtion of QSO absorption-line systems
at high redshift is (in a rst-order approximation) a power-law that sales with
N(H i)−1.5 (e.g., Petitjean et al. 1993). Most of the weak intervening H i lines
belong to the so-alled "Lyα forest", whih predominantly traes extended,
highly-ionized intergalati strutures - the "true" intergalati medium. This




, typially) and is pho-
toionized by the ambient UV bakground radiation from quasars and ative
galati nulei. As struture evolution in the Universe proeeds from high
to low redshift, however, an inreasing fration of the IGM is expeted to be
shok-heated and ollisionally ionized, as the medium is ollapsing under the
ation of gravity in the deeper potential wells of the ondensing large-sale
struture. Sine the intergalati medium is highly ionized (the neutral gas
fration is typially far less than a perent) it is lear that the observed weak
neutral hydrogen absorption serves only as a sign for large amounts of ionized
gas that is distributed in a lamentary network all over intergalati spae.
Following the results from IGM observations and numerial simulations,
photoionized and ollisionally ionized intergalati gas most likely makes up
for most of the baryoni matter in the loal Universe (where Ωb ≈ 0.045).
While the diuse photoionized IGM that gives rise to the Lyman α forest
aounts for ∼ 30 perent of the baryons today (Penton, Stoke, & Shull
2004), the shok-heated warm-hot intergalati medium at temperatures T ∼
105−107 K is expeted to ontribute at a omparable level to the osmologial
mass density of the baryons at z = 0 (Cen & Ostriker 1999; Davé et al. 2001).
Gas and stars in galaxies, groups of galaxies, and galaxy lusters make up the
rest of the baryoni mass (Fukugita 2003).
5.2 The Photoionized Ly α Forest at Low Redshift
Absorption-line studies of the IGM at high redshift (z > 1.5) represent an
essential observational method to diretly study the struture evolution in
the early Universe. Sine all the important UV lines are redshifted into the
optial band, absorption-line spetrosopy of the high-z IGM with 8 − 10m
lass telesopes and state-of-the art spetrographs provide exellent spetral
data, i.e., spetra with high S/N ratios at high spetral resolution. In on-
trast, measurements of the IGM at low z require spae-based UV satellites
and thus are muh more hallenging than for high z. This fat leads to the
somewhat unsatisfying situation that many aspets of the loal IGM and the
IGM evolution from high to low redshifts are not well understood yet.
As measurements show, the number density (per unit redshift) of Lyα
absorbers at high z (1.5 ≤ z ≤ 4.0) evolves rapidly, dN/dz ∝ (1 + z)γ , where
γ ≈ 2.2 (e.g., Kim et al. 2001). With the availability of HST, it therefore
was a surprise to nd that at low redshifts (z < 1.5) the evolution appears
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to be nearly at, with γ ≈ 0.1 − 0.3 (Weymann et al. 1998). Note that
these early low-z observations of the Lyα forest were based on data obtained
with the Faint Objet Spetrograph (FOS), whih has relatively low spetral
resolution. More reent, high-resolution HST/GHRS measurements (Penton
et al. 2002) have shown, however, that the slowing of the Lyα density dis-
tribution in higher-resolution data is not as great as previously measured
in lower-resolution data. The break to slower evolution probably ours at
z ∼ 1.0 rather than at z ∼ 1.5. From these high-resolution GHRS measure-
ments it also follows that higher-olumn density Lyα forest systems tend to
luster more strongly with galaxies than low-olumn density systems (Penton
et al. 2002). An example for a ombined FUSE/STIS high-resolution low-z
IGM spetrum toward the quasar PG1259+593 is shown in Fig. 8.
The evolution of the Lyα forest density from high to low redshift an be
understood in terms of the expansion of the Universe and the hanging ionizing
bakground ux. For redshifts from 5 to 1 the Lyα forest density is dereasing
rapidly due to the expanding Universe and the only mildly dereasing ionizing
ux. At z < 1 the evolution is slowed down substantially due to the strongly
dereasing ionizing bakground, whih must have dropped by about one order
of magnitude from z = 1 to z = 0 (Haardt & Madau 1996). The line statistis
together with a photoionization model of the Lyα forest implies that the
warm, photoionized intergalati medium at z ≈ 0 ontains ∼ 30 perent of
the baryons in the loal Universe (Penton et al. 2004). For omparison, the
ontribution from the Lyα forest to the baryon density (Ωb) at z = 2 is ∼ 90
perent. In the ourse of the struture evolution in the Universe from high
to low redshifts the baryon budget in the Lyα forest therefore has dropped
substantially. This is partly due to the formation and assembly of ondensed
galati strutures, but also due to the appearane of yet another intergalati
gaseous omponent, the warm-hot intergalati medium (WHIM).
5.3 The Warm-Hot Intergalati Medium
As the temperature of the intergalati medium undergoes a signiant hange
from high to low redshifts, a large fration of the baryoni matter in the
loal Universe is expeted to reside in the WHIM phase - a gas phase that
is partiularly diult to detet. The WHIM is believed to emerge from
intergalati gas that is shok-heated to high temperatures as the medium
is ollapsing under the ation of gravity (Valageas, Shaeer, & Silk 2002).
Diretly observing this gas phase is hallenging, as the WHIM represents a
low-density (nH ∼ 10
−6 − 10−4 m−3), high-temperature (T ∼ 105 − 107





together with traes of some highly-ionized heavy elements. Diuse emission
from this plasma is expeted to have a very low surfae brightness and its
detetion awaits UV and X-ray observatories more sensitive than urrently
available (see, e.g., Fang et al. 2005; Kawahara et al. 2005). A promising
approah to study the WHIM is the searh for absorption features from the
WHIM in FUV and in the X-ray regime. Five-times ionized oxygen (Ovi)
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Figure 8: Combined FUSE and STIS spetrum of the low-redshift quasar
PG1259+593 (zem = 0.478) in the wavelength range between 900 and 1730
Å. Next to absorption from gas in the Milky Way, the spetrum ontains
a number of low-z intergalati absorption lines, as disussed in Rihter et
al. (2004).
is the most important high ion to trae the WHIM at temperatures of T ∼
3 × 105 K in the FUV regime. Oxygen is a relatively abundant element
and the two available Ovi transitions (loated at 1031.9 and 1037.6 Å) have
large osillator strengths. A number of detetions of intervening WHIM Ovi
absorbers at z < 0.5 have been reported in the literature (Tripp, Savage, &
Jenkins 2000; Oegerle et al. 2000; Chen & Prohaska 2000; Savage et al. 2002;
Rihter et al. 2004, Sembah et al. 2004b; Savage et al. 2005; Danforth & Shull
2005). These measurements imply a number density of Ovi absorbers per unit
redshift of dNOVI/dz ≈ 17±3 for equivalent widthsWλ ≥ 30 mÅ(Danforth &
Shull 2005). Assuming that 20 perent or less of the oxygen is present in the
form of Ovi (fOVI ≤ 0.2) and further assuming a mean oxygen abundane
of 0.1 solar, the measured number density of Ovi absorbers orresponds to
a osmologial mass density of Ωb(Ovi)≥ 0.0024 h75
−1
. Fig. 9 shows an
example of an intervening Ovi system at z = 0.31978 in the diretion of
PG1259+593. For the interpretation of Ωb(Ovi) it has to be noted that Ovi
absorption traes ollisionally ionized gas at temperatures around 3 × 105
K (and also low-density, photoionized gas at lower temperatures), but not
24
the million-degree gas phase whih probably ontains the majority of the
baryons in the WHIM. Very reently, Savage et al. (2005) have reported the
detetion of Neviii in an absorption system at z ≈ 0.2 in the diretion of
the quasar HE0226−4110. Neviii traes gas at T ∼ 7× 105 K (in ollisional
ionization equilibrium) and thus is possibly suited to omplement the Ovi
measurements of the WHIM in a higher temperature regime. However, as
the osmi abundane of Neviii is relatively low, Neviii is not expeted to
be a partiularly sensitive traer of the WHIM at the S/N levels ahievable
with urrent UV spetrographs. This is supported by the non-detetions of
intervening Neviii in other high S/N STIS data (Rihter et al. 2004). Also
X-ray absorption measurements are very important for studying the WHIM
(e.g., Fang et al. 2002; Niastro et al. 2005), but they urrently are limited in
sope beause of the small number of available bakground soures and the
relatively low spetral resolution of urrent X-ray observatories (FWHM∼ 500
to 1000 km s−1).
Next to high-ion absorption from oxygen and other metals, reent ob-
servations with STIS (Rihter et al. 2004; Sembah et al. 2004b) have shown
that WHIM laments an be deteted in Lyα absorption of neutral hydro-
gen. Although the vast majority of the hydrogen in the WHIM is ionized
(by ollisional proesses and UV radiation), a tiny fration (fH I < 10
−5
,
typially) of neutral hydrogen is expeted to be present. Depending on the
total gas olumn density of a WHIM absorber and its temperature, weak H i
Lyα absorption at olumn densities 12.5 ≤ log N(H i)≤ 14.0 may arise from
WHIM laments and ould be used to trae the ionized hydrogen omponent.
The Lyα absorption from WHIM laments is very broad due to thermal line
broadening, resulting in large Doppler parameters of b > 40 km s−1. Suh
lines are generally diult to detet, as they are broad and shallow. High
resolution, high S/N FUV spetra of QSOs with smooth bakground on-
tinua are required to suessfully searh for broad Lyα absorption in the
low-redshift WHIM. STIS installed on the HST is the only instrument that
has provided suh data, but due to the instrumental limitations of spae-
based observatories, the number of QSO spetra adequate for searhing for
WHIM broad Lyα absorption (in the following abbreviated as "BLA") is
very limited. An example for a BLA at z = 0.18047 in the STIS spetrum of
the quasar H 1821+643 is shown in Fig. 10. So far, four sight lines observed
with STIS towards the quasars PG1259+593 (zem = 0.478), PG1116+215
(zem = 0.176), H 1821+643 (zem = 0.297), and PG0953+415 (zem = 0.239)
have been arefully inspeted for the presene of BLAs, and a number of
good andidates have been identied (Rihter et al. 2004, 2006a; Sembah et
al. 2004). These measurements imply a BLA number density per unit redshift
of dNBLA/dz ≈ 22 − 53 for Doppler parameters b ≥ 40 km s
−1
and above
a sensitivity limit of log (N(m−2)/b(km s−1)) ≥ 11.3. The large range for
dNBLA/dz partly is due to the unertainty about dening reliable seletion
riteria for separating spurious ases from good broad Lyα andidates (see
disussions in Rihter et al. 2004, 2006a and Sembah et al. 2004). Transform-
ing the number density dNBLA/dz into a osmologial baryoni mass density,
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Figure 9: Normalized absorption proles of H i and Ovi in the Ovi/BLA
system at z = 0.31978 toward PG1259+593. Both the ourrene of Ovi
absorption and the large width of the H i absorption (probably aused by
thermal line broadening) are onsistent with ollisionally ionized gas at a
temperature near 3 × 105 K. The total gas olumn density in this system is
estimated to be ∼ 6.4× 1019 m−2. Figure and numbers taken from Rihter
et al. (2004).
one obtains Ωb(BLA)≥ 0.0029 h75
−1
. This limit is about 6 perent of the total
baryoni mass density in the Universe expeted from the urrent osmologial
models (see above), and is slightly above the limit derived for the intervening
Ovi absorbers (Ωb(Ovi)≥ 0.0024 h75
−1
; see above). The analysis of BLAs
in osmologial simulations (Rihter et al. 2006b) supports the idea that these
systems represent a huge baryon reservoir in the loal Universe.
5.4 Distribution of Metals
As the many detetions of metal lines in intervening absorption-line systems
show, the intergalati medium ontains heavy elements. These elements must
have been produed in stars within galaxies and then transported through
an eient mehanism into the IGM. The prime andidate for the metal
enrihment of the IGM is outows from starbursting dwarf galaxies (e.g.,
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Figure 10: The well-deteted broad Lyα absorber (BLA) at z = 0.18047 in
the STIS spetrum of H 1821+643 is shown. The shape of this BLA diers
signiantly from the shape of the narrow lines from the Lyα forest, suh
as the z = 0.17924 Lyα forest absorber near 1433.5 Å. Figure taken from
Rihter et al. (2005b).
Hekman et al. 2001). Reent studies using FUSE absorption-line data imply
that the metalliity of the low-z IGM is ∼ 0.1 solar. For instane, the number
density of intervening Ovi systems observed toward low-redshift QSOs is
in agreement with the predited distribution of Ovi absorbers in numerial
simulations that assume an oxygen abundane of 0.1 solar (Danforth & Shull
2005). Also the measurements of intergalati C iii together with appropriate
multi-phase ionization models suggest a mean metalliity of the loal IGM
that is roughly ten perent solar (Danforth et al. 2005).
While all these studies aim at providing an aurate mean metalliity of
the loal IGM, it has to be kept in mind that metal abundanes in individual
intergalati regions may deviate substantially from this mean IGM metalli-
ity. An example for an Ovi system with an oxygen abundane that probably
is muh less than 0.1 solar is the absorber at z = 0.31978 towards the quasar
PG1259+593 (Rihter et al. 2004; see Fig. 9). Due to its simpliity and its sug-
gested high-temperature harateristis, this system represents an interesting
ase for a more detailed modeling of the physial onditions and the oxygen
abundane. The large H i b value and the presene of Ovi already suggest
that this absorption system onsists mainly of hot gas at temperatures around
3 × 105 K. Using the absorption width as a measure for the temperature of
the gas, the ollisional ionization model implies hat the O abundane in this
Ovi system is only ∼ 4.3 × 10−3 solar. An abundane as low as ∼ 4 × 10−3
solar, if orret, has important impliations sine the estimated baryoni on-
tent of the Ovi systems sales inversely with the assumed oxygen abundane.
Various groups (e.g., Savage et al. 2002; Sembah et al. 2004b; Danforth &
Shull 2005) have estimated that the gas in low redshift Ovi systems on-
tributes with ∼ 0.002 to the osmologial losure density assuming that the
average oxygen abundane in Ovi systems is 0.1 solar. This ontribution is
omparable to that found in galaxies but ∼ 20 times smaller than the total
ontribution for baryons estimated from the Cosmi Bakground radiation or
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from big bang nuleosynthesis. However, if the typial oxygen abundanes in
some of the Ovi systems are 10 to 25 times smaller, the estimate for the bary-
oni ontent of these systems would inrease by fators of 10 to 25. Finding
low-metalliity regions in the loal IGM and studying their ionization proper-
ties therefore is of great importane to provide reliable estimates of the baryon
budget in WHIM Ovi absorbers.
6 Conlusions and Outlook
The results disussed in this artile demonstrate that studies of the distribu-
tion and physial properties of the gaseous irumgalati and intergalati
environment of galaxies are important to understand the formation and evo-
lution of individual galaxies and the large-sale struture formation in the
Universe. The use of the absorption-line tehnique in the FUV and optial
in ombination with emission measurements at X-ray, UV, optial, and radio
wavelengths provides a partiularly powerful to study the gaseous environment
of galaxies and the intergalati medium at low redshift. Conerning our own
galaxy, suh ombined absorption and emission measurements have shown
that the formation of the Milky Way is still on-going. Other studies have
demonstrated that the gaseous environment of galaxies and the intergalati
medium is (in general) governed by a omplex interplay between gaseous infall
and outow and the hierarhial merging of (galati) strutures in the loal
Universe. Despite the low densities that haraterize the gas in the outskirts
of galaxies and in the intergalati medium, it has beome lear that (due to
the large lling fator) this gas ontains a substantial fration of the baryoni
mass in the loal Universe.
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